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Abstract. This paper presents the results of the proton irradiation of silicon photomulipliers
(SiPMs) by mono-energetic 170 MeV protons with fluence up to 4.6×109 particles/cm2. In
our work, three types of silicon photodetectors from Hamamatsu with areas 3×3 mm2 and
different subpixel sizes of 25×25 µm2, 50×50 µm2, and 75×75 µm2 were used. The changes
in the SiPM dark count rate (DCR) spectrum before and after irradiation in temperatures in the
range of 20 ◦C to -65 ◦C are presented. The influence of the DCR changes on the energy
resolution of the 662 keV gamma line from the 137Cs for a non-irradiated GAGG:Ce (1%)
scintillator is investigated. The time period of usability of the SiPM detector irradiated by
protons in cosmic space was estimated.
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1. Introduction
It is known that about 89% of nuclear cosmic rays are protons, about 10% are helium nuclei,
and 1% heavier nuclei [1]. If we take these particle fluxes as a function of their kinetic energy
calculated per single nucleon, as presented in Fig. 1, it can be found that all nuclei maxima are
located in the kinetic energy range of 0.1-1 GeV/nucleon. For protons, 42% of all of nuclei
are located in this energy range and this amount can only increase due to possible shielding.
This shows that the lower spectrum of the energy range is the most important for evaluating
cosmic radiation damage in photodetectors sent to cosmic space.
This work is a continuation of our previous research with neutron irradiated silicon
photomultipliers (SiPMs) [2]. The goal of these measurements is to study the changes induced
by the most common particles in cosmic space. Using our data, we try to estimate the usability
time of an SiPM irradiated by cosmic protons.
In our work, SiPMs, also called multi-pixel photon counters (MPPCs), from Hamamatsu
were used. The changes of dark count rate (DCR) and dark count spectra (DCS) and the
degradation of the energy resolution of the spectroscopic gamma line due to proton irradiation
are presented.
Figure 1. Measured cosmic ray energy spectra for the elements H, He, C, and Fe near the time
of solar minimum modulation [3].
2. Experimental set-up
Three types of SiPMs with areas 3×3 mm2 and different subpixel sizes were used in our
measurements. Table 1 presents the basic properties of the chosen SiPMs.
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The irradiation sessions were done at the Dzhelepov Laboratory of Nuclear Problems at
the Joint Institute for Nuclear Research (Dubna, Russia). The primary 660 MeV proton beam
delivered by the phasotron was moderated to energy of 170 MeV. Flat proton distribution
(±3%) with the size of 8×8 cm2 and a constant flux in the range of 107 protons/s/cm2 at the
beam output was achieved.
During the irradiation process, the SiPMs were located in the centre of the beam spot,
which ensured the same dose for all SiPMs. Each type of SiPM was exposed to proton
beam flux with three different irradiation times, which corresponded to three different proton
fluences (Tab. 2)
After the irradiation process, all of the samples were transported to the National Centre
for Nuclear Research and were measured in a climatic chamber in the temperature range of
20 ◦C to -65 ◦C.
Figure 2. Scheme of experimental set-up used for DCR and spectrometric measurements. In
the second case, a non-irradiated GAGG:Ce scintillator coupled to an SiPM was used.
Fig. 2 shows the scheme of the experimental set-up prepared to measure the DCR
and DCS at different temperature ranges. The signal from the SiPM was amplified by a
transimpedance amplifier and divided by a fast charge amplifier (FCA). The first output from
this module was sent to the constant fraction discriminator (CFD), which made it possible
to choose signals from the SiPM with single photo-electron (spe) amplitude over a chosen
threshold (0.5 spe). Signals that satisfied this condition were counted by the ORTEC Counter.
Table 1. Properties of Hamamatsu SiPMs used in our measurements [4].
SiPM Subpixel No. of Fill Ph. det. Gain
type size subpixels factor efficiency
S13360-3025CS 25×25 µm2 14400 47% 25% 7.0×105
S13360-3050CS 50×50 µm2 3600 74% 40% 1.7×106
S13360-3075CS 75×75 µm2 1600 82% 50% 4.0×106
SiPM proton irradiation for application in cosmic space 4
Table 2. SiPM irradiation time corresponding to obtained proton fluence.
Irradiation Irradiation Proton fluence Proton fluence
session time (s) (cm−2) per detector
1 30 3.0×108 2.7×107
2 100 1.0×109 9.0×107
3 460 4.6×109 4.1×108
The signals from the second FCA output were sent directly to the 0th channel of the CAEN
DT5730 digitizer, which were analyzed using the charge integration (CI) method. For better
dead time control in the CAEN DT5730, the CFD logic output signals were also counted
by the 1st channel. The disagreement between counts registered by the digitizer and the the
ORTEC Counter were in the range of 20%.
3. Data analysis and results
3.1. Dark Count Spectra
As mentioned above, the CI method was chosen to register DCS. This algorithm, implemented
in the CAEN DT5730 digitizer, registered fast SiPM signals without an analog signal shaping
modules like the preamplifier or spectroscopic amplifier. The idea of the CI method is
presented in Fig. 3.
integration gate
pretrigger
trigger level
   1/2 spe
Figure 3. Illustration of the CI method used in our acquisition system.
Examples of measured DCS, normalized to counts per second, before and after different
irradiation times and for various temperatures are presented in Fig. 4. The same gain for the
same SiPM type was kept during all measurements. It was achieved by keeping the same
overvoltage (SiPM operating voltage minus breakdown voltage) in various temperatures and
is confirmed by the same distance between the 1st and the 2nd photo-electron peak position.
In certain cases (irradiated SiPM and temperature of 0 ◦C or 20 ◦C), the digitizer dead time
was close to 100%, making it impossible to register the DCS. The DCR was taken from the
ORTEC Counter in these cases.
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Fig. 5 shows DCR measured for all SiPM types for different irradiation times in a wide
temperature range. As we can see, the lowest DCR change is observed for the smallest
subpixel size. On the other hand, the highest DCR reduction with temperature decrease is
observed for 50×50 µm2 and 75×75 µm2 subpixel sizes. For all cases of irradiated SiPMs,
a higher order of photo-electrons (spe>3) appeared. This effect is especially important for
scintillators coupled to SiPMs, where the relatively low light output is present, like in plastic
scintillators, where the light yield is in the range of 10000 photons/MeV. In these cases, DCS
and registered radiation events can be seen in the same range of the energy spectrum.
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Figure 4. DCS registered for different proton fluences in various temperatures for the S13360-
30XXCS SiPM type with 25×25 µm2 subpixel size (top), 50×50 µm2 subpixel size (middle)
and 75×75 µm2 subpixel size (bottom). Vertical dashed lines show the positions of the 1st
and 2nd photo-electron peaks.
3.2. Energy resolution
The best operating voltage of an SiPM is defined by the value for which the best energy
resolution during spectroscopy measurements is obtained [5]. In our case, the 662 keV line
from 137Cs was chosen as a reference point. To obtain the correct value of energy resolution,
correction for the non-linearity effect of the SiPM was included. For this reason, three
additional gamma lines from 22Na (511 keV, 1274 keV) and 54Mn (835 keV) as calibration
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Figure 5. DCR measured for different SiPM subpixel sizes for different proton fluences in a
wide temperature range. Cross-talks and after-pulses are included. Bottom–right - DCR ratio
of SiPMs with maximum proton fluence for the non-irradiated case.
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Figure 6. Example of best operating voltage determination, based on the best energy
resolution criterion for the S13360-3050CS SiPM in various temperatures.
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Figure 7. Energy resolution characteristics for different SiPM subpixel sizes in the
temperature range of 20 ◦C to -65 ◦C. Two cases are shown - SiPMs before irradiation and for
the highest proton fluence. Bottom-right – relative light output of the GAGG:Ce scintillator in
the same temperature range.
points were used.
We determine the energy resolution (ERES) of the photodetectors (non-irradiated and
irradiated for 460 s) coupled to a non-irradiated GAGG:Ce (1%) scintillator [6]. For each
SiPM subpixel size, we scanned the operating voltage to find the optimal value. The
measurements were performed for SiPMs in the same temperature range as for the DCR
determination. An example of ERES determination for an SiPM with a 50×50 µm
2 subpixel
size is presented in Fig. 6.
Obtained energy resolution values are presented in Fig. 7. To understand the energy
resolution degradation for the non-irradiated SiPMs, the scintillator light output in this
temperature range must be known. This kind of data was measured independently in a climatic
chamber with the GAGG:Ce scintillator and a PIN diode. The PIN diode is one of the most
suitable photodetectors for this purpose because of its almost flat quantum efficiency in a wide
spectral range and low photosensitivity variation to temperature change [4, 7, 8, 9]. Relative
light output for the GAGG:Ce is presented in Fig. 7 (bottom-right). It is easy to see that
the energy resolution degradation for the non-irradiated SiPMs corresponds to the scintillator
light output decrease. An analogous situation is observed for all SiPM subpixel sizes.
In the irradiated SiPM case, if we compare the energy resolution change, the 25×25 µm2
subpixel size is the best choice. We do not see significant differences before and after proton
irradiation. The observed characteristics are in agreement if we keep in mind that they
correspond to two different units of the same type of SiPM.
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In contrast to the smallest subpixel size, both SiPMs with 50×50 µm2 and 75×75 µm2
subpixel sizes show significant energy resolution degradation in the range of 40%. It is
worth noting that this situation changes in the low temperature range despite the light output
decrease. We can conclude that in the range of -65 ◦C and below, the SiPM energy resolution
degradation induced by the DCR increase is significantly reduced.
4. Summary
Our results present the first estimation of SiPM radiation effects induced by protons that
can be encountered in cosmic space. We compare SiPM subpixel sizes and corresponding
radiation effects, which makes it possible to choose the optimal subpixel size for these kinds
of measurements.
The SiPM radiation hardness and energy resolution degradation must be taken into
account in gamma spectroscopy measurements whenever experiments are performed in high
proton backgrounds. This condition is especially important for scintillators with low light
output, where the DCS and registered radiation events can be at the same energy range. We
also show that changes induced by radiation can be reduced in a low temperature environment,
which is achievable in space conditions.
Using the data presented by Simpson [3] we estimated the total flux of 0.1-1 GeV/nucleon
protons incoming from a 4pi angle. This resulted in a value of ∼2 protons/s/cm2, which
corresponds to∼0.18 protons/s/detector. Knowing the value of the highest proton fluence per
detector obtained in our experiment (4.1×108), and assuming similar radiation effects for the
chosen kinetic energy range [10] ‡ and temperature of -65 ◦C (no significant degradation),
the estimated time period of usability for this SiPM detector in cosmic space near the time of
solar minimum modulation (larger galactic cosmic ray fluxes) is in the range of 109 s, which
results in a time scale of years. The heavier cosmic ray components are not included in this
calculation. Their influence on SiPM radiation hardness is the target of our future experiment.
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